Leptin, a key regulator of fat homeostasis, is the product of the obese gene [1-3], and is secreted from adipocytes and binds to receptor sites in the choroid plexus [4, 5] . Several studies have implicated serum insulin levels in the upregulation of leptin gene expression [6] [7] [8] . It is currently not known whether leptin levels are also subject to regulation at the level of secretion. Leptin is normally produced in adipocytes, the secretory pathways of which are not well characterized. Here, we used pituitary AtT-20 cells, which serve as a model system for both regulated and constitutive secretory pathways, to examine the intracellular targeting and secretion of leptin. Confocal immunofluorescence analysis of AtT-20 cells expressing an epitope-tagged human leptin (FLAG-leptin) demonstrated that FLAG-leptin colocalized with endogenous adrenocorticotrophic hormone (ACTH) at the tips of processes extended from these cells, where regulated secretory granules accumulate. FLAG-leptin secretion was increased in the presence of 8-Br-cAMP, which stimulates the secretion of ACTH. For FLAG-leptin, the calculated sorting index, a quantitative measure of the efficiency of protein sorting to the regulated pathway, was similar to those of other regulated secretory proteins. These results demonstrate that FLAG-leptin behaves like a regulated protein in cells with a biosynthetic regulated secretory pathway. 
Results and discussion
Studies of the intracellular targeting and secretion pathway of leptin have been hampered by the large amount of fat droplets in intact fat tissues. An important model system for the study of adipocyte biology has been provided by 3T3-L1 adipocyte cells differentiated in vitro [9] ; however, under standard differentiation conditions [10] , the amount of leptin produced in 3T3-L1 cells is too low to permit pulse-chase studies. The mouse pituitary AtT-20 cell line has been used previously as a reliable surrogate system to investigate protein sorting and secretion, because these cells contain well-characterized secretory pathways and faithfully segregate foreign proteins into the appropriate regulated or constitutive secretory pathways [11] [12] [13] . To investigate leptin sorting and secretion, we have therefore stably transfected AtT-20 cells with an epitope-tagged human leptin construct chimera, FLAG-leptin (Fig. 1a) . The leptin chimera contains the signal sequence derived from the cell surface antigen CD8 followed by the FLAG epitope tag (DYKDDDDK in Figure 1 Structure and expression of FLAG-leptin. (a) Diagram of the FLAG-leptin chimera. Human leptin cDNA was PCR-amplified from an adipose cDNA library (Clontech) using the primers 5′-GCGGGGGGATCCGTGCCCAT CCAAAAAGTCCAAGATGACACC-3′ and 5′-GCGGGGCTCGAGTCAGCACCCAGGGC TGAGGTCCAGC-3′ to introduce a BamHI site and an XhoI site (underlined) at the 5′ and 3′ end, respectively. This allowed the insertion of the mature human leptin coding sequence into the vector pSSF, which contains a cassette encoding the CD8 signal sequence (including the signal peptidase cleavage site) followed by the eight amino-acid FLAG epitope. Genes introduced in-frame at the BamHI site are expressed with the CD8 signal sequence and FLAG epitope at the amino terminus. (b) FLAG-leptin expression in AtT-20 cells stably transfected with the construct as described in [25, 26] . Extracts of wild-type and transfected AtT-20 cells were subjected to 16.5% SDS-PAGE followed by immunoblot analysis [16, 27] single-letter amino-acid code) and the complete coding sequence of mature human leptin (amino acids 22-167; Fig. 1a ). The cleavage site of the CD8 signal sequence was retained upstream of the FLAG tag, allowing targeting of FLAG-leptin to the endoplasmic reticulum (ER) translocation machinery and, after removal of the signal sequence, release of FLAG-leptin into the ER lumen.
A clone of AtT-20 cells was isolated that stably expressed FLAG-leptin following transfection. Using the anti-FLAG M2 monoclonal antibody, we detected a single band of 17 kDa on a western blot of extracts from transfected cells that was absent from untransfected wild-type AtT-20 cells (Fig. 1b) ; no other FLAG-immunoreactive species were detected. The predicted molecular mass of the FLAG-leptin protein without the CD8 signal sequence is 17.3 kDa; the precursor protein containing the signal sequence has a predicted size of 19.5 kDa. As only one FLAG-immunoreactive band was detected, it is clear that FLAG-leptin is being produced and that the CD8 signal sequence is efficiently removed in the ER. We conclude that FLAG-leptin is properly cleaved and expressed in these transfected cells. We therefore sought to determine whether FLAG-leptin was released by the constitutive or the regulated secretory pathway.
We used immunofluorescence to determine the intracellular location of the exogenously expressed FLAG-leptin construct in AtT-20 cells. Several studies have demonstrated that dense-core regulated secretory granules, the site of accumulation of endogenous adrenocorticotrophic hormone (ACTH), are found at the tip of the extended processes of AtT-20 cells [14] [15] [16] . We therefore compared the intracellular localization of ACTH and FLAG-leptin in transfected cells using antibodies specific for each protein ( 2b ). These results indicate that FLAG-leptin is targeted to the tips of processes, and we therefore suggest that FLAG-leptin might accumulate in dense-core granules.
If FLAG-leptin is targeted to the dense-core granule, then a secretagogue that stimulates the regulated release of ACTH from these granules should also cause the regulated release of FLAG-leptin. To investigate the secretion of FLAG-leptin, we metabolically labeled cells with 35 S-translabel to near steady-state levels, and followed the secretion of FLAG-leptin during three consecutive three-hour chase intervals (Fig. 3) . At steady-state, about 9.6% of cellular FLAG-leptin was released into the medium each hour (Fig. 3a,b , lane 1). Upon chase, 26% of total labeled FLAG-leptin was secreted within six hours (Fig. 3a ,b, lanes 2,3; see quantitation in Fig. 3c ), which probably represents secretion via the constitutive and/or constitutive-like secretory pathway [17] . To induce regulated secretion, cells were incubated with medium containing 8-Br-cAMP during the last chase period (6-9h; Fig. 3b ); control cells were not treated with the secretagogue (Fig. 3a) . We observed a 10-fold increase in FLAG-leptin secretion from 8-Br-cAMP-treated cells relative to the basal secretion observed from untreated cells (compare lane 4 of Fig. 3b with Fig. 3a) . This secretion was paralleled by a 2.8-fold decrease in the FLAG-leptin recovered from the extracts of the stimulated cells, relative to that from untreated cells (compare lane 5 of Fig. 3b with Fig. 3a) . The basal secretion of regulated secretory proteins during the stimulation period (Fig. 3a, lane 4) is a common feature of protein secretion from AtT-20 cells [18] . The observed pattern of FLAG-leptin secretion closely resembles that of ACTH secretion (data not shown) [19] , and suggests that FLAG-leptin is targeted to the regulated secretory pathway in AtT-20 cells.
Quantitation of these data provided the sorting index (SI) for FLAG-leptin expressed in AtT-20 cells. We have previously used the SI as a measure of the degree to which a given protein is targeted to the regulated secretory pathway. The SI was determined by comparing the amount of 8-Br-cAMP-induced secretion ( Fig. 3a,b ; lane 4) to the level of steady-state secretion from unstimulated cells (Fig. 3a,b , lane 1; see [11] ). SI values have been determined for a variety of secretory proteins in AtT-20 cells (Table 1) . The SI for FLAG-leptin is 0.85, which is similar to or greater than the values for other regulated secretory proteins (Table 1) . In control studies, we used the same expression vector to examine the intracellular targeting of other secretory proteins and found that neither the CD8 signal sequence nor the FLAG tag causes missorting between the constitutive and the regulated secretory pathways (M. Haugwitz, W.K. Schmidt and H.-P. H. Moore, unpublished observations). In the present experiment, the calculated sorting index for endogenous ACTH in the FLAG-leptin cell line was not significantly different from that determined in wild-type AtT-20 cells [11] , indicating that the selection of the FLAG-leptin cell line had not altered the secretory characteristics of endogenous ACTH. Taken together, these results imply that leptin might contain intracellular targeting information similar to those of bona fide peptide hormones, raising the possibility that its release from adipocytes might follow a regulated pathway that is as yet not understood.
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Figure 3 Pulse-chase secretion assay. Parallel cultures of AtT-20 cells expressing FLAG-leptin were metabolically labeled for 15 h with 0.2 mCi ml -1 translabel (Dupont-New England Nuclear) in 1% FCS/DME, and then incubated with fresh labeling media for an additional hour. The media samples from this short labeling period were collected and immunoprecipitated with anti-FLAG M2 beads (-1-0 h, lane 1). Cells were then chased for the indicated times (0-3, 3-6, and 6-9 h) in 2% FCS/DME and media were immunoprecipitated (lanes 2-4). Immunoprecipitation was carried out as described [25] with anti-FLAG M2 beads (1:1 suspension; IBI) or rabbit anti-ACTH antibody, except that the beads were washed with a urea-containing buffer (2 M urea, 2.5% Tween-20 (w/v), 0.2 M NaCl, 0.1 M Tris-HCl pH 7.5). 8-Br-cAMP (5 mM; Sigma) was added to one sample during the 6-9 h chase period to stimulate regulated secretion ((b), lane 4) and the parallel sample received medium alone ((a), lane 4). After the last chase, the cells were lysed and immunoprecipitated (lane 5; Extract). The immunoprecipitates were subjected to SDS-PAGE and analyzed by a PhosphorImager. The results are representative of three independent experiments. (c) Quantitation of results from pulse-chase secretion assay. Quantitative data of the FLAG-leptin bands from two independent experiments were obtained using the ImageQuant software package. The counts in each band were normalized to the total counts recovered from the chase medium and cell extracts in either the unstimulated or the stimulated conditions. The sorting indices (SI) of the constitutive secretory protein truncated vesicular stomatitis virus (VSV) G protein, the regulated secretory proteins ACTH, growth hormone, proinsulin and FLAG-leptin were determined by comparing the increment in secretion induced by 8-BrcAMP during the last three-hour chase period to the value from the one-hour labeling period as described [11] . For the data from We have shown that 8-Br-cAMP induces secretion of FLAG-leptin from AtT-20 cells, probably because FLAG-leptin is targeted to secretory granules containing the endogenous hormone ACTH. It should be noted that a different signaling pathway is probably involved in adipocytes. Previous studies have shown that increases in cAMP levels have opposing effects on protein production and secretion in adipocytes compared with AtT-20 cells. The simplest explanation of the differences in the secretory response is the existence of different signaling pathways in corticotrophs and adipocytes.
The finding that leptin may be a bona fide regulated secretory protein is made less surprising by several studies of adipocyte biology which have suggested that there are multiple types of regulated secretory pathways in these cells. A well-characterized effect of insulin on adipocytes involves the rapid mobilization of the glucose transporter GLUT4 from an intracellular storage pool to the cell surface [20, 21] : this process has been likened to synaptic vesicle recycling in neurons. In addition, secretion of other proteins by adipocytes can be enhanced by treatment with insulin. It is at present not known whether this enhancement is due to the effect of insulin on the constitutive pathway, or on a post-Golgi regulated pathway similar to those present in classical endocrine cells. In support of the latter hypothesis, it has been shown that adipocyte differentiation is correlated with the expression of members of the Rab family of small monomeric GTPases, Rab3A and Rab3D [22, 23] , which have been implicated in a wide variety of regulated secretory processes such as neurotransmitter and peptide hormone secretion [16, 24] . These Rab proteins were found in distinct membrane fractions, suggesting that more than one type of regulated secretory organelles exist in these cells [23] . Important challenges in the near future are to determine whether adipocytes possess a bona fide biosynthetic regulated pathway, and whether the secretion of leptin is subject to physiological regulation at the exocytotic level.
